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SAFEGUARDS AGAINST FLUM!ER OF AIRPIANZ@
.

This report is a
same time from theory

I& Gerhard De Vries

SUMMARY

compilation of practicaJ rules, derived at the
and fram experience, intended to guide the aero-

nautical engineer in the design of flutter-free airplanes. Rules
applicable to the wing, the ailerons, the flaps, tabs, tail surfaces,
and fuselage are discussed successively. Five appendixes complete this
report.

PREFACE

An infallible method for avoiding flutter would consist in making
the structure very rigid (for instaace, twice aa rigid as it would be
made according to static calculations) and in perfectly balancing the
control surfaces. However, an drplane conceived along these basic
lines obviously would not be feasible. One must look for compromises;
certainly flutter must be avoided, but just barely avoided, without
adding weight.

The purpose of this paper is to provide the designer with a set of
compromises derived from experience and suitible for enabling him to
avoid errors without 10Ss of desirable qmlities.

The author stresses particularly all questions concerning the
nmvable members because in these cases the solution is so simple that
application of the elementary rules may a priori avoid any error. How-
ever, one must not lose sight of the fact that the most dangerous cases
of flutter are those which concern the natural nwdes of the tail for
which the only rules are practicaUy: high rigidity, weight toward the
frent.

*“Pr&cautions a prendre pour ~viter les vibrations a&dynamiques
des avions.” [1. Voilure], La Recherche A&onautique, no. I-2,1949,
pp. 15-X. [2. E@ennage~ , Ia Recherche A6ronautique, no. 15, Q50,
pp. 27+.

Editor’s note: Since this paper was originally published in two
parts, the parts have been slightly rearrsmged to provide continuity for
the present publication.
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Finally, we point out that the lack in experience regarding super-
sonic e3rplanes does, so far, not allow exact conclusions in that domain.

●

Head

INTRODUCTION

The problem of flutter of airplmes has

b— _
R. Basile

Of the “Vibrationsr’Section

arisen ever since the first
wurld war. Since then, theoretical.study and experimental research have
thrown light on the causes of the phenomenon} as shown by the numerous
reports published on this subject. ‘Ihusit is completely unnecessary to
expound here anew a subJect our readers are already familiar with; but
hafig the desire to furnish to the designer the means of safeguarding the
airplane against flutter, we shall formulate-as far as–possible a certain
num”uerof practical rules which can be utilized for the design of the
machine. Adhering strictly to these rules, one would be ensured with cer- =
tainty against any eventuality of flutter; however, in the nmJority of
cases there is, unfortunately, reason for fesr that a complete application .
of these rules will prove impossible because “themachine must satisfy mul-
tiple requirements and its constructionwill, as always, be the outcczneof
= cowrtisesm For this reason, we shall-exsmine in the following see- -.
tions the different means for avoiding flutter as much from the viewpoint
of their specific effectiveness as from those of weight and of price.

—

Nevertheless, the study of the vibrations of an aifilene requires
knowledge of a certain number of parameters such as: position of the
elastic axis, frequencies on the ground, etc;, which can doubtlessly be
calculated from the layout; but this type of procedure - which is, bas-
ically, nothing but an iteration method - leads to res@ts only at the
price of considerablework.

The tests furnish easily the necessary parameters of the problem
but they can be performed only after the machine has been finished.

Thus, there remains as the only method, to combine the theoretical
studies, the utilization of the rules dictated by practice, and the
experimental verifications, i.norder to arrive at the desired goal.

—
This will be the method we shall follow in this paper.

The rules contained in it are applicable in their entirety to air-
planes of conventional form. As to airplanes of unconventional.configu-
ration, there can be no doubt that a large part of these same rules is
applicable to them as well; but in the abse~ce of sufficiently numerous

—

. —

●

— ..-
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experimental results one could in that case not
sions of this report without reservation.

Efforts have been made at coordinating the
the danger of flutter which have been set up so

3

meke use of the conclu-

rules for elimination of
far in vexious countries.

In a comparison of documnts, one finds that one may approach the problem
in two ways, accord3ag to whether one considers it as a problem of static
(or quasi-static) stability, or as a problem of seM-sustained titrations.

In England, preference for the static point of view prevailed for a
long time. In America and in Germany, in contrast, as also h Russia, one
is mostly concerned with the vibrations, that is to say, one studies first
the natural vibrations of the machine on the ground and corrects them
afterwards in order to teke the aerodynamic forces into account. The
fact that the English have modified their original view point end at
present also reqyire ground tests, certainly confirms the concept that
the study of the vibrations is at the center of the flutter problem; the
present report, too, defends throughout this thesis.

Other differences also exist between the regulations of the various
countries. Whereas the English and the Americans extend their regulations
to include very small construction details, the Germans left much more
latitude to their designers, but required, in all cases, flight tests for
proving the correct behavior of the airplane. This, of course, made it
necessary for the manufacturers to possess sll the apparatus required for
ground ~d for flight tests and to secure for themselves the services of
engineers specializing in vibration problems. Actually, these specialized
teems were well Mstributed throughout the Germsa aeronautical factories
everywhere; this presented certain advantages over too rigorous regula-
tions since the forms snd procedures of construction for modern &irplsnes
develop constantly and regulatory standards became, for that reason, con-
tinually obsolete.

We shall therefore attempt to extract from the vs.riousregulations
in force the rules held to be most essential, cmnbining with them our
personal experience of the most recent years. We apologize beforehand
when our conclusions sometimes run against the English concepts which
form the basis of the provisional French regulations. At sny rate, we
recomnend that the airplane manufacturer should, In dtiious cases, consult
a specialist md stimit bis opinions to the qualified department that has
to mske the decision. It shoul.dbe fully understood that this report gives
adtice and makes suggestions but csmnot assume responsibilitieswhich
belong, in the final analysis, only to the airplane manufacturer.

.

.

lNote on the conditions to be imposed on airplanes for avoiding
aerodynamic titrations, June 1946.
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1. WING UNIT
4

The self-sustainedvibrations of a wing under the influence of the
..

aerodynamic forces are made possible by the deformations or displace-
U“

ments enumerated below, which constitute as many “degrees of freedom” of
—

the wing. (See appendix I.)

Bending of the wing
Torsion of the wing —

Rotation of the ailerons
-.

Rotation of the eileron tabs
.—

Rotation of the high-lift flaps .

conventional.flutter requires the association~of at least two
degrees of freedom. The bending-torsion flutter, very frequent in the
past on airplanes with fabric-coveredwings, has become much rarer on
ai.rplaheswith metal wing covering. But the danger of flutter still
remains, principally because of the ailerons end the tabs. We shall
carefully examine these cases.

,.J ,. ,, =

1.1. wing

1.11. Bending rigidity.-.Theoryshows that the i&uence of the
bending rigidity on the criticsl speed is slight, and e~erience confirms
the theoi’yregsrding this point. Since it is hardly permissible for the
designer to modify the dimensions inposed on him by the calculations of
drag, he will be able to neglect, without inconvenience, the bending
rigidity in the prevention of flutter.

1.I.2.Torsional rigidity.- In contrast to bending rigidity, the
torsional rigidity is of fundsmxrbal importance. One should’provide for
the highest possible degree of it, the more so, as a subsequent rein-
forcement is generally not feasible.

In order to obtain sufficient rigidity, it is necessary to:

AJQ2, u f= as possible, discontinuity.esin the covering of the
wing (placenxmtof the landing-gear openings, of the power plants, of
the wing gasoline tanks, etc.) or avoid at least that t& cutouts made -
in this manner diminish the torsional.rigidity (reinforcementof the
edges).

Prefer, as far as possible, the tubular-spar,box-spar constructions
or any other form of monocoque construction to independent-sparconstruc-
tions. Furthermore, it Is preferable not to interrupt the spars at right
angles to the fuselage to avoid a decrease in rigidity of the attachment
structure.

.

—

3
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1.13. Nwnerical.Values.- For the
speed, the torsional frequency (which

5

determination of the critical
itself is a function of the tor-

sional rigidity) is the predominant factor. Let us exsmine some numer-
ical values: figure 1 shows the bending snd torsional frequencies as
functions of the semispsm in about 20 German machines as well.aa in
eight recently studied French machines. One notices two types of curves,
one pertaining to the obsolete two-spar constructions, the other to
modern machines of monocoque constructions. These latter are the ones
that are of special interest to us.

We also plotted two curves taken from the American regulations;
they express the experimental values found for American machines (ref. 3).
While the curve of the bending frequencies coincides quite well with ours,
the curves of the torsional.frequencies lie distinctly above ours. Does
that mesa that the Americans try more than the Europeans to achieve wings
more rigid in torsiont This is possible, but perhaps we deal here with a
curve drawn solely with vslues pertaining to airplanes ‘intendedfor very
high speeds while our curve utilizes the data of machines of every
category.

Figure 2 presents the elements of figure 1 in another form. It
expresses the bending and the torsional frequency as fwctions of the
semispan for various speeds (equivalent velocity) of the airplane. These
curves therefore enable the designer to mke a first check as soon as he
has estimated the speed of his machine. However, this presupposes that
he also knows the frequencies of his machine which, in the design stage,
can be obtained only at the price of tiresome calculations. But an at
least approximate value of the frequency may be calculated from the
measurements made m other machines of the same firm, if, as frequently
happens, this firm has established a traditional type of construction.

Between the torsional frequencies of two machines of the ssme type
there exists, in fact, the following relationship:

%P1= (’w (w
but the empirical curve of figure 1 gives also

.—

%/nl ‘=(11/%)0”8
21 and 22 are the radii of gyration, and 11 ad i2 the semispans.

The second relation is explained by the fact that the aspect ratio
generally increases with the span.
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For two machines of the sane type, it will therefore be possible to “’” ~
calculate the frequency ratio from the ratio of the semispans and from n

the ratio of the radii of gyration; the latti”r&, besides, reasonably
proportional to the wing chord. ,—

L

The American regulations do not limit .themselvesto furnishing the
two curves we have shown in figure 1, but in&icate.al.~othe torsional
rigidity the wing must have, in different sections, ~a function of the
calculated speed of the machtie. These indications q.reopen to criticism
at least in that they concern only sections situated toward the wing tip
whereaa the rigidity near the wing root is more import@ in the study of
flutter. Nevertheless one will find the requirements of the Amrican
regulations reproduced in figure 3. ..

The English regulations (ref. 2) appear more logical. They are
expressed by the formula .. .— —

valid for a Mach number MS 0.8. In this formula .-L
—

co torsional rigidity

d reduced distance from the wing root to the wing tip (the
latter being at 0.9 of the semispan of the ccmplete
airplsme)

.
c mean chord of the comple= wing (without deduction of the

wing portion in the fuselage)

.—

..

- “_

v is the equivalent of

P finally, is a nuder
defined later: p

ground velocity =.= :.-

called criterion which till be
has the dimensions of a ~pecific mass. ‘-

It must be remarked here that what is called torsional rigitity has dif-
ferent meanings in American and in English or.French doc-bments.

.
In the American meaning, C!~, the symibolfor the torsional rigidity

of the wing, has the dimensions of a force di~dqd by a length squared.
In fact, by definition

..—~..
● ✍

cm = @$&. -.

.
..+.-

.—

- . .
.
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Q the slope ofwhere M is a torsional moment and
de

corresponding &formation.

In the English as well.as in the French meaning,

is a torsional.moment (per radian) and, consequently,
of a force divided by a-length. - -

To come back to the criterion ~: its

where S1 is a certain portion of the wing
the regulations, see fig. 4).

7

the curve of the

.-

in contrast, co

has the dimensions

value depends on the parameter

area (different according to

geometrical =an

fixed structural

variable weights
area S1

chord of the srea S1

weight of the area S1

situated in the portion of the wing of

a coefficient (generally K = O.~)

One mey remark with regard to these rules that the flutter depends
great many parameters other than those which appear in the above

formulas; hence,-verification of these formulas doe~-by no reams suffice
for guaranteeing security. On the other hand, an airplane may be free of
flutter although it does not verify the formulas. What is therefore the
significance of these regulatory rules? Two answers are possible:

(a) They represent single recommendations.
(b) They are a standard for the certification of structures as it

will be carried out by the proper official agency.

Howeverj these rules are too precise to constituk only recommenda-
tions. As to the certification of the machine: since at present the
official agencies require ground as well as flight tests, the experimen-
tal.results will obviously prevail, in anyoners opinion, over the employ-
ment of a formula.

We shall therefore advise the designer to consider these rules as
-~ Principles ~thout letting himself be too closely boundby them.
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1.14. Distribution of masses.- The aerodynamic loads impose on the

designers the dimmsions of the structure and thereby a certain rigidity
of’the machine. Any increase in rigidity necessary for avoiding flutter
will be accompanied by sn increase in weight. However, frequently a
judicious distribution of masses, without increase, till give the sam
result.

—
The essential rule from this viewpoint - as farm the construction

of the wing is concerned - is to place, as fsr as pos~ible, the entire
weight toward the front. -.

The effectiveness of this rule increases, besideB, in proportion-as
one approaches the wing tip. The effect of the masse~ actually remains
negligible as long as their distsnce from the fuselage is less than
l’jpercent of the semispan; this effect varies, in fact, as (Y/1)n
where y is the ordinate of the mass along the transverse exls, Z the
length of the semispan, and n .anexponent which takes on values rangimg
between 1.5 and Z-according to the form of the vibration. (See fig. ~.)

— .-
On the other hand, one must distinguish between the msses fixed or

rigidly connected to the wing and the removable masses~-suchas, for
instsnce, the detachable gas tanks, the bombs and the bomb releases, and,
of course, the gasoline contained in the tanks. One will.be careful b
avoid a rearward displacement of the center of gravity as a result of an
eventual variation in weight of the wi~j such a displhc&ment would cause
a lowering of the critical speed. Thus the detachable-masseswill be
placed behind the fixed masses, but both, as far as pa~sible, toward the
front. (See appendix IV.)”

As regards the manent of inertia, the theory indicates that the
squsre of the freq’gencyis inversely proportional to it; one has there:
fore every reason to reduce it as much as pcxmible, end this is in
accordance with the rule stated above that the masses should be p~ced
forward (in order to reduce the coupling term since, ge~rally, the
elastic axis of the wing till be found at the front). _&sides, even
though it is not always possible to reduce the moments of inertia and
to avoid the couplings, it will be possible to lessen & unfavorable
effects (from the viewpoint of flutter) of certain masses by attaching
them to the wing by an elastic device. We shell give ti-example:

Figure 6(a) shows a bomb fixed below the W- of & airplane. It

.-—

.

.

,—

..—

—

. ..

——
.—

. .

.

.

.-.

is sit~ted &&d the front which 3.sfavorable but its”presence increases
considerably the inertia of the section where it is atl%ched. This
does not necessarily cause a lowering of the critical speed but in certain
cases the calculations could indicate that it-is favorable to diminish ths
inertia. It is quite impossible to modify the weight of the bonibbut one ●

will be able to resort to attaching it elastically to tl& wing in such a
manner that it has a natural frequency considerably lower than the tor-
sional frequency of the wing. Since in the case we ae-deallng with the

.
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main objective is to avoid torsional flutter, it will be feasible to
connect the boxtibto the wing by a rigid link, placed approxhately
vertically in line with its center of gravity, and one or two elastic
links of convenient rigidity, intended to oppose the rotation of the
bomb. Another solution, preferable to the previous one, will consist
in fixing the bomb to the wingby a rigid connection in front end an
elastic one at the resr (fig. 6(b)).

At any rate, even if the calculation Indicates that the frequency
of the bomb lowers the critical speed, it will be advisable to wait
until the airplane is built and to proceed then to an experhntal veri-
fication of the linkages; the latter are, in fact, frequently rather
flexible although the hypotheses of the calculation assumed them to be
rigid. The final result thus will possibly be less unfavorable than
one was led to fear by the theoretical calculation.

Another example of the displacement forward of the center of gravity
is givenby the attacknt of fuel taaks at the wing tips (fig. 7).

1.2. Aileron

The aileron Is one of the predominant elements of flutter. Even
though it is relatively easy to modify or to change a faulty aileron,
one will
element,

(1)
(2)

The

save time, work, ad money if one bears,-for the &sign of this
the following two rules in mind:

Sufficient bending and torsional rigidity
Balancing

first rule is alreattr
flying cpalities. The second;
prevention of flutter. In all
addition of weights which will
tion of the aileron.

enforced, at least partially, by the
in contrast, is resorted to only for the
cases, the balancing will.require the
VSJ?Yaccordihg to the type of construc-

1.21. Balancing by external masses.- Iet us say first a word about
this type of balancing rather favored before the war, which consiskd in
sxranging outside of the profile one of several “club-shaped”masses, in
obvious defiance of ELL lews of aero@umics.

If one evaluates this type of
that it is economical with respect

(1) It offers the possibility
thus a rather light counterweight,

balancing, one will note in its favor
to weight because:

of utilizing a rather long lever arm,
for achieving static equilibrium.

.
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(2) Even in the case where the dynamic equilib~ium is achieved, this
system may permit a significant saving in weight. (See appendix III.) -

To its disadvantage, one has to point out: w

(1) The increase in drag (which one can lessen, however, with cer-
tain types of counterweight, see fig. 8 and appendixv) --——

(2) The more complicated construction

(3) The danger of icing (which may likewifid~ lessened by an
appropriate design of the counterweight,fig. . ,.——— —

1.22. Balanced construction.- If one designs an aileron whose struc-
tural weights are distributed in such a manner that it is in equilibrium
about its hinge axis, that aileron will probably have more than enough
static strength. Nevertheless, it will be lighter than the ensemble
consisting of sa aileron “without margin” from the viewpoint of static
strength and of its balancing counterweight. In addition, the excessive
strength wiU. express itself in an additional rigidity which is still
acceptable even though it is itself excessive with regard to the imposed
minimum; a concentratedbalancing mass could not do this.

In practice it till therefore be advisable to design the aileron as
follows (fig. 9): a leading edge sufficiently heavy for ensuring bal-
ancing and resistance to the bending and torsional forces; ribs aa light
as possible set into that leading edge; a li@t covering (outside the
region of the leading edge). Since it is very difficult to avoid cutting
the leading edge at right angles to the aileron supports, it will.be _
desirable to reinforce them at these points. --

Such a construction gives:

(1) The center of gravity situated close to the tinge axis which -
therefore requires only a small increase in weight in order to achieve
bab.nce -.

(2) A concentration of the most important masses eround the exl.s
and hence a smell moment of inertia. (See, however, the exception
indicated at the end of section 1.2~.) —

(3) ~ ad~tio~ ben~ng ~d torsio~ rigidity

(4) A low”total weight““

(5) me possibility of f~q the Controls at w =bitrery point
of the leading edge, owing to the high rigidi~ of the latter2.

2The rigidity of the leadlng edge permits fixing the belancing masses
on it in the advantageous practical manner used in certain airplanes
(fig. 9(a)). .-

--

..

●
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We shall finally note, however, that it is always of interest to
explore the possibility of adding some concentrated masses in order to
perfect balance after the machine had been completed, especially where
a prototype is concerned.

1.23. Horizontal balancirig.-There exist ailerons the hinge axis
of which is displaced in height (generally downwsrd) with respect to the
horizontal plane passing through the center of gratity. Must one then
balance it in such a manner that the center of gravity is brought back
to the level of the axis?

Experience proves that one can inmsny cases manage without this
additional bslancing which one can hardly ever accomplish without
resorting to external masses. Regarding this subject one will.mske a
decision, if need be, only after the vibration test.

One may say a priori that balancing in height is almost elways
unnecessary for rigid airplanes the wings of which exe conventionally
comparable to a plane surface. But for an airplane the wing of which
has a break (a rather frequent case in seaplanes, see fig. 10), total
balance is often necessary because the twisting of the wing is accompanied
by horizontal vibrations, thus causing relative motions of the aileron not
balsnced horizontally.

1.24. General rems.rksand numericsl data concerning balsncing.- In
all cases one will note that:

(1) For a wing of sufficiently high torsional rigitity, the balancing
of the aileron aims only at preventing flutter with two degrees of freedom:
bending of the wing - rotation of the aileron. In this case a single mass
will.always be sufficient to obtain the desired eqtilibrlum.

(2) For very fast airplanes, the wing torsion of which csmnot be neg-
lected, the single mass will not be sufficient. In fact, in this case the
nodal line may pass through the point of attachment of the aileron with
the balancing mass which, consequently, does no longer play any role.

For calculating the balancing:

(1) The American regulations introduce the dimensionless coeffi-
cient K/I:

I is the moment of inertia of the aileron with respect to the
hinge axis, and its calculation from the design drawings does not offer
any difficulties. —
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K is the product of inertia of the same aileron with respect to
two axes, one of which is again the hinge axis while the other is the
-s of oscillation of the wing in the course of the flutter. (The cal-
culation of K forms the object of appendix 11.) Knowledge of the
latter may be obtained practically only by test. One will deal with
this Ufficulty, in the course of the preliminary study, by assuming
simplified deformations of the wing, for instance, a rotation of the
wing around its root aa if deformedby bending, and figlecti.ngthe tor-
sional deformation; the value for the counterweight found in this case
will, by the way, be excessive. As to the values ta be verifiedby the “
ratio K/I, they may be found in the diagrams presented in this report
(figs. Uand 12). In the American recommendations (ref. 3), one finds
also the folhwik formula for speeds below 480 Ian/h:

.

.

—

-.

-.
.

[()]2K/I =0.206 - ~ .—

-u

where Vm is equivalent to the diyi~ speed in lun/h. Since figure U
uses the frequency of the aileron, the calculationwill be based solely .

on the values of diagram llj however, it will be prudent to anticipate
that one could arrive finally, after measurement of the frequency, at a
higher counterweight than the one calculated from the indications of

.

figure 11. Another solution is to modify then the rigidity of the con- ‘–
trol surface, but this is, generally, difficult.

(2) me English and Ge- regulations require a strict balancing,
‘apart from any consideration of frequency or of speed. One may say that
this requirement is too severe; however, it has the advantage of offering
a guaranty against flutter at low speeds, but this security is obtained
at the price of am increase in total weight.

(3) me French retwlations in turn set up the requirement of strict
balancing, considering it satisfied if for any aileron deflection between
+10° the following two conditions are satisfied:

(a) The product of inertia Xmxy for extreme positioning AR of the
aileron must be zero or negative. .

(b) The extreme-centroid AV must not be ‘more than 15 percent of
the mean aileron chord measured behind the hinge axis for airplanes with
a speed V1 lower than 240 km/h, and not more than ~ percent for those

with a speed VI kd.gherthan that value. .

.-
-
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U for the axes of the coordinates x and y used for the calcu-
lation of the product of inertia (see appendix 11), they are the hinge
axis ad the chord of the supporting profile. Nevertheless, if there
exists between the supporting structure and the aileron a profile of high
rigidity in torsion (an attachment by struts, for instance), one should
substitute the chord of this profile for that of the wing-root profile.

We conclude by repeating that, without any doubt, perfect balance
is necessery in high-speed machines. In exceptional cases, we recomnend
that the designer consult the appropriate official agency, for instance,
when large machines at low speeds afe concerned, and especially in the
‘caseof ailerons, the hinge axis of which is situated outside of the
plane of symnetry, that is to say, in the case of balancing in two
directions.

The aileron must be put in equilibrium without forgetting the tabs,
the controls, or even the layers of paint.

It is well to provide for s.noverbalancing of about 10 percent for
guarding against an increase of the weights at the rear, in consequence
of repairs or maintenance work (painting), during utilization of the
machl.ne.

This margin of 10 percent has been adopted systematically a priori
by the German designers since experience proved that such a margin did
practically not lower %he critical speed - except in certain cases if the
aileron frequency is very close to the torsionsl frequency of the wing.

1.-. Rigidity - deSi gn of the aileron.- Experience indicates that

the i’undsmentaltorsional frequency of the aileron and the rotational
frequency resulting from the elasticity of the controls must be higher
thsi the-torsional-frequencyof the w~.

This depend5:

(a) Onthetorsional ri~dityof the aileron.
(b) On the number of control linkages and on their rigidity.
(c) On the distribution of masses, chiefly the concentrated masses

(moment of inertia).

The French regulations - following the English regulations on this
point - give the following criterion for the torsional rigidity of the
aileron:

0.019TA = ‘2AV~bAC2A@ - M’)-1/2

3m excess of balancing weight of 10 percent.
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TA torsionsl rigidity (in m.kg per radian) measured between the
two sections of the aileron located at ~.lbA from the

8

extremities —
—

bA span of the aileron parallel to its hinge ‘ais
*

..---- -..

CA mean chord of the aileron area behind the hinge
.-

.

RA coefficient of rigidity the minimum values of which are given
by figure 13.

-. —.
da designates, for the ailerons with one single concentratedmass, the
farthest distance between this mass and the aileron tip.

.

—. —

For ailerorlswith two or more concentratedbalancing masses, da
is the distance between eadh aileron tip and the adjacent mass or half
the ms.x3mumdistance between two adjacent masses (the largest one of the
lengths thus defined).

For the ailerons without balancing mass which b-ve an irreversible
or damped control, the distance da is measured with respect to the
points of attachment of the control.

.,
However, it should be noted that the question concerned here is the

torsional rigidity of the aileron “detached” frm its control mechanism.
The number and the elasticity of the control linkages obviously exert an
influence on the rigidity, likewise the position and size of the concen-
trated masses. As far as flutter is concerned, one need therefore not
attach much importance to the torsional rigidity thus measured. Besides,
although this criterion may serve for checking an aileron already built,
it is of little use in the design stage.

—

Let us now say a word about the natural torsional frequency of the
aileron and its control linkages. TMs frequency diminishes when the
following three paramstirs increase:

—
.

-. .-:
.

.

_ .—..—

(a) The distance between the control levers and the balancing masses
(b) The inertia of the aileron
(c) The elasticity of the aileron and especially %at of its control -

mechanism. .,.,.—
...

One should therefore attempt to coiznteractthese sources of lW fre-
quency. In contrast, the increase in the number of control levers is
favorable. A certiin number of ailerons assumed to be of constant leng~,
inertia, and elasticity have been designed (fig. 14). They differ only “
by the control levers and the balancing masses. They are arranged in an
order to show the growing security they offer;against f—lutter. The last

.

—.
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.

.

.

.

one has the balancing masges fixed to the control levers themselve~;
this arrangement is particularly advantageous when horizontal and verti-
cal balancing is desired at the sane time. (See fig. 15. )

We remark here that the levers which support the balancing masses
may cause lateral vibratory motions liable to produce their fracture
due to fatigue if their frequency coincides with that of the engines.
This also canhecme apps.rentonly in tests. It is unnecessary to add
that the strength OY all the elements of the aileron is a fundamental
requirennt since the throwing out of equilibrium resulting from a frac-
ture may lead abruptly to flutter, even if the fracture is not very
serious from the vie~oint of structural strength.

However, it is chiefly the elasticity of the control mechanism
which will.effect the rotational frequency of the aileron. In order to
achieve - acceptable aileron frequency, the designer will therefore
have to choose between the methods indicated above snd a modification of
the control rigidity.

The control mechanism consists of cables or rods (these latter are
generally tubulsr), of levers, and of torsion tubes. The distribution
of rigidity of a control system between its various elements has been
figured out (fig. 16). One can see from this example that it is gener-
ally more convenient to modify the levers or the to%sion tubes rather
than the rods.

For the purposes of design, one should distinguish between the
elasticity due to the rods snd that due to the levers, torsion tubes,
etc. The first one is easy to evaluate. As to the second - since
generally every manufacturer has a traditional way of designing the
controls - measurennts made on the existing machines will give the
percentage of the total rigidity which it requires.

Having thus obtained knowledge of the total rigidity of ths con-
trol C and of the inertia of the aileron about its axis 1, one will
have the frequency

V=2(! b’+
One will obtain an even more exact value for the rigidity of the

controls if, after having celcul.atedIt as described above, for a certain
number of existing machines, one measures afterwards the effective value.

One will almost always find that the measured elasticity exceeds the
calculated elasticity. But these tests will.furnish a new coefficient
which when introduced into the evaluation of the planned control system
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will make it possible to obtain a value very close to the actual one.
A very extensive calculation of this frequency is ~cessary except in

.

the case where - as will be explained - one is hesitant because one has
to know whether to increase or to reduce thk frequency of the aileron. %

To aid the designer, we present (fig. 1~) two curves; according to
measurements made on “existingairphnes, one of these curves represents
the rotational frequency of the aileron, the other tb torsional fre-
quency of the wing; these frequencies are given as functions of the semi-
span bf the wing. One must not be surprised that a certain relationship
exists between these frequencies and the syan since the construction is
determined by the aerodynamic loads.

.-.

The basic assumption will be tide that the rotational frequency
must always be larger than the bending frequency of t@e wing which does
not offer any difficulties, and, as far as possible, distinctly larger
than the torsional frequency. Frcxnthis tiewpoint, the case where the

—

two frequencies are close to one another is the most dangerous one; thus,
—

if one cannot hope to exceed the torsional frequency of the wing suffi-
ciently, one does better to stay clearly below i“t. If ~ designates

the torsional frequency of the wing, one will av~id fcm the aileron .– ..:
quite particularly the range o.8~ to ~.

s —— —

Let us add that the advice just given, valid for airplanes in
general.,cannot be applied in certain particular case~where t% closen-
ess of the two frequencies does not constitute a d@jer for the machine.

e

However, this can be guaranteed only by en extensive calculation. It is
up to the airplane builder to decide in each case of this kind whether
the possible difficulty of modification of the aileron justifies under-
taking a detailed calculation.

_...

One must interpret the data of figure 17 in the light of these
principles. One sees that for the airplanes of small span the rotational
frequency of the aileron is clearly lower thsn the tortiionalfrequency of
the wing. One should therefore advise the builder of small al.rplanesnot
to pay too much attention to the ailerons beyond giving to them as well
as to their control mechanism the rigidity required by-the calculations
of strength, and to beware of wanting to increase that rigidity, since
this would have the effect of bringing the frequency o~the aileron
dangerously close to that of the wing. One shouldbe careful when the
semispan is around lore. If the @.ng freqpeney is high, it is better not
to try to exceed it, because one is not sure of succeeding, but rather to
stew below it. However, if the wiw’s torsional vibration is of low
fre~uency, as will be the case for ~ wing of-large
to make the rotational”frequencyof the aileron as

span, one must attempt
high as possible.

.

.

—-. —

.-.= .—
—.
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1.3. Flaps

To the present time dangerous flutter of open flaps has not been
observed and one may assume that there is little risk if such flutter
should originate because deflection of flaps is used only at moderate
speeds of the airplane. The builder will therefore be able to neglect
this case.

This does not apply to closed flaps when the machine flies at high
speeds. We shall distinguish

1. Lower-surface flaps
2. Upper-Surface flaps

1.31. Iawer-surface flaps.- Once these flaps are closed, they could
not be the source of vibrations of large amplitude because they are
supported at all points on the wing. Their flutter’will therefore never
be dangerous but fatigue failure is still to be feared. At high speeds
(M >0 .7) titrations of the sheet-metal covering make their appearance,
due to the separation of the air flow; this can be hprovedby proper
spacing of the ribs. Thus the remedy will generally be easy and
inexpensive.

It will be advisable to provide for high-speed airplanes:

(a) Rigid and sufficiently numerous stops for the flaps
(b) A rather high pressure holding the flaps against their stops
(c) Ribs placed sufficiently close to one another.

1.32. Upper-surface flaps.- The upper-surface flaps.may be the cause
of dangerous flutter; they are subjected to the airstream on both their
surfaces, they can pivot about an axis, they are generally not belsnced.
All this is distinctly unfavorable. Very fortunately, their location, in
a region of the wing which lies near the wing root, where, therefore, the
bending or torsional amplitudes are small, diminishes their effect on the
critical.

One

(1)
(2)

(3)

speed.

will have to consider them the more dangerous, the more:

Their length increases
Their chord increases

The ratio
mass of fuselage

increases (because an increase in-.
mass or Wing

this ratio entails a displacement towsrd the fuselage of the nodal line in
fundamental bending)

(4) The nwber of flap stops diminishes
(’3)The rigidity of the stops sndthat of the flaps decrease
(6) The unbalance increases.
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!Ibisenumeration indicates sufficiently the co~se to follow for
lessening the danger which the flaps present from the viewpoint of flut- 6

ter. In practice, however, the airplane builder will hardly be able to
modify anything but the rigidity. ——.- .

An increase in rigidity slways @rovGs the vibratory character-
istics; but the weight is increased also. One should therefore concen-

—

trate the efforts to obtain increased stiffness at well-chosen points,
that iS, above W, 011 the StOpS. The condzmction frequently employed
in the form of a fillet, as shown in figure 18(c), iS acceptable only
where sufficiently thick ad stiff sheet metal is concerned. scmetimes
springs are proti.dedto ensure contact with the stopswithout precise
a~ustment of the parts; it is se~-evident that the springs used must
not be too wesk. As far as possible, the latch must be rigid and
without p~j from this tiewpoint it will be desirable to have the latch
as close to the flap aa possible, thus to be freed fr-@mthe necessity of
using a larger number of latches. If there is only one, one should place
it at least toward the middle of the flaps (fig. 18(b)). Letus remember
that a little air in a hydraulic actuator gives it the elasticity of a
spring; a supplementarymechanical latch is always recommended.

.

Tos mmnarize, one should try to avoid free motions of the upper- .
surface flap, and one should particularly guard against deformations of

-.

the stops, Qf the latches, and of the flap itself. me moment holding
the flap ~ainst its stops should exceed the

m mass of the flap

r distance from the center of gravity
.

8 acceleration of gravity

1.33. Braking flaps.- Certain airplanes

—
value 5 mrg. .

— ..—-.
.

to the axis --

have flaps for braking in
dives. Is it necessary to examine these devices from the viewpoint of
flutter?

Their diversi~ does not allow general rules. It has been found
long ago that they were the source of vibrations, but these titrations
are due to the detachment of the air flow, not to flutter.

-.

~ ~me~od~ the steps to W taken are always the sane: rigidity
of the flap, latches tight, without play. A recommendable solution is
to divide the total area required for braking into several rather smell
flaps, the frequencies of which should, if ppssible, differ from one
another.

.

—

.
—.
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1.4. Tabs

The study of the tabs is of fundamental importance; they are very
often the cause of flutter, and modern airplanes which were involved in
accidents had almost always tabs with a strong tendency to vibrate.

One can distinguish four types of tabs:

(1) The automatic tab whose angle relative to the flap is controlled ‘-
by the rotation of the latter.

(2) The controlled tab the position of which is regulated at will
by the pilot.

[

3) The tab whose position depends on the force exerted on the con-
trol spring tab and other analogous devices).

(4) The tab called “direct-control tab” which serves for maneuvering
the control surface.

1.41. Automatic lxibs,controlled tabs.- As far as the tabs of the
first and of the second category sre concerned (sometimes, one and the
ssme tab is at the same time automatic and controlled), theoretically
they are part of the flap which csrries them and add to it no supplemen-
tary degree of freedom; their natural frequency is infinite. In practice,
the elasticity of their construction and of their control mechanism as
well as the play of the various $oints lower this frequency the degree
of which constitutes the best criterion of the value of the design.

We remark in passing that the exact calculation of the critical
speed of a system containing a tab is long and uncertain. Wind-tunnel
tests on a dynsmic model will give faster and more precise results; but
they are expensive because they must be performed at high speed and are,
for this reason, justified only for a machine intended for mass
production.

In the opposite case, one will limit oneself to the calculations of
strength even if their less precise conclusions lead to overdimensioning
of the part, thus making it more expensive; in the long run, though, the
total.cost will be less and the specimen of more than necessary strength
will - because it will be more rigid - be ssfer also from the viewpoint
of flutter.

In all cases it is desirable that the frequency of the tab - for it
will actually have one - should be distinctly higher (50 percent) than
the frequencies of the wing ad of the aileron. This frequency depends
on the mass and on the rigidity, and one should try to achieve a
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mass/rigidity ratio as small as possible; this does not always agree with
the first rule of aeronautical design which is, to obtain a mass~strength
ratio as small as possible.

_.
.- —

.

-
.

In reference 3 one will rind a recommendation concerning the natural
frequency of the tabs. It should be higher than the value given by the
following formula:

— --
.- —-

where
——
.—

fn minimum natural frequency of tab installed OX the airplane in
cycles per minute —

‘1? equivalent of the diving speed (in knots)

c chord of the control s~face behind the hinge axis, measured
in the middle section of the tab fml

2s span of the control surface

2t total span of the tabs mounted on

Note: ~s formula is Valld only for 1,000

50 percent.

In figure 19 and still more clearly in

—

the control suxface

..

1
< fn< 4,5~!&n-1 plus

.-i.
.-

..

figure 20, ~he principal
points capable of contributing to the flexibility ha~ been-indic~ted:

(a)

[

b)
c)
(d)

attached
(e)
(f)

operated

(g)

The

The fixity of the bearings
The play in the bushings
The bending and torsional elasticity of the tab
The elasticity of the ribs where the-control surface is

The play in the pivots
The elasticity of the control rod (especiallywhen it is
in torsion or bending)
The elasticity of the starting point of the control system

frequency depends also on the number of bearings and on their
position, as well as on the number of control levers. At equal weight,
the frequency will increase with the nuniberof bearings, and that
increase will be the more noticeable the lower the rigidity of the tab
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itself. Piano-chord hinges are to be recommended especially when they
are suitably designed. (See fig. 21.) This point is very @or-t; a
bad arrangement of the hinges lowers the bending frequency of the tab as
well as its rotational frequency. The ’pi.ano-chordhinge is, besides,
very well suited for msss production; its only disadvantage is that it
makes the balancing of the tab (the hport~ce of whichwe shall describe)
a little more difficult.

The torsional frequency of the tab is stilJ more important,than its
bending frequency. A control using several levers will, from this pOiIYb

of -:ieh”,be more favorable than a s@e-lever control; besides) such ~
arrangement is more favorable than the increase in torsional rigi~ty of
the tab from the viewpoint of weight. The nuniberof levers depends
obviously on the dimensions of the tab; but one must make it a rule that,
for a length of more than ~ cm and a chord of more thau 8 cm, two levers
are indispensable unless the tab is perfectly balanced.

In a small tab the control mechanism of which contains only a single
push rod, this latter should actuate it at its center, not at one of the
tips. Rut it must be well understood that everything we said above about
the advantages of a multiplication of the nuniberof control levers pre-
supposes that these levers are perfectly constructed, without appreciable
elasticity and without play. Otherwise, they would only multiply the
sources of flutter..

For instance, in figure 22, one sees u elbow-shaped lever control-
ling a tab; this arrangement, built for a certain airplane, tied at
transmitting to the tab the metion of an actuator placed entirely inside
the profile. However, it introduced a lateral flexibility which formed
with the mass of the push rod of the actuator a system vibrating at a
rather low frequency which induces flutter.

1.42. Balancing of the tabs.- Theoretically, any tab susceptible to
oscillation requires complete balancing. The English regulations require
this balancing of any airplane with a speed exceeting 64o km/h and require
authorization by the Air Ministry for any digression.

In Germsmy, balancing was likewise reqtired; however, this rule was
not rigorously observed, especially if the tab considered carried a con-
trol mechanism with multiple levers (the rule was more strictly enforced
in the case of a single push rod). In fact, when a tab can vibrati at a
relatiwly low frequency, either because it is provided with a spring, or
because of the elasticity of its bearings, its control mechanism, etc.,
it is qyite sure that its balancing will increase the value of the criti-
cal speed. However, if the frequency of the tab is relatively high, it
is not certain that the final effect of its balancing will be favorable.
Here are the reasons:
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(a) The balsucing mass will increase the inertia and will therefore ‘-- ---
diminish the torsional frequency. — —

(b) Due to its off-center position, the balanci@ mass will increase
even more the inertia of the aileron.

>.- ~ ..—

(c) The balancing mass of the tab “unb~ances the aileron. ~ order
to correct this unbalance, one must increase the masses situated in front
of the hhge axis; hence increase in weight and in inertia. —

—-

(d) These increases in weight, of the tab as wefi as of the aileron,
displace the center of gratity of the wing toward the rear which is, in
general, unfavorable. .-.

For all these reasons, balancing of the tabs was frequently neglected
in Germsny. One was content to raise their frequency as much as possible,
by the means previously indicated. Neither of the two.solutions,balancing
or increase of rigidity, seems to be preferable to the -otherfrom the ....
tiewpoint of expenditure.

—

.
.- -

—

.

.

1.43. Spring tabs, direct-control tabs.- The tabs of these two types
are very dangerous from the viewpoint of flutter. As far as they are con- -
cerned, the best solution is not to use them. They mu@ always be rigor-
ously balanced and may require eventually dynamic balancing (appendix 111). .

.

It is impossible to treat all the very complex and critical problems —

they raise, within the scope of this report. In every particular case, it
will be advisable for the builder to consult a specialist. We remark,
however, that all advice given previously, regarding absence of play,
rigidity, etc., remains valid here, too. -.—. —.——

1.44. General suggestions.- The free play of the &b must not allow

a relative angle of mre than 1/2° between the aileron and the tab.

The construction of the bearings and the attachmnt~ must be done
very carefully so that the play does not increase by more than 50 percent,
at most, under the effect of per2.oticalstresses or of an abrupt shock, in
flight. Ir.fact, the propeller slipstream imposes sometimes very high
-C loads on the tabs. The possibility of wear of the bearings and
the hinges by the abrasive action of dust or sdnd mixed up with the lubri-
cant must not be underestimated.

—.

The static resistance to forces snd fatigue should obviously be
assured. A ~ailure in the control mechanism may be the @igin of flutter.
One should avoid having parts operating in bending or in torsion smd if it
is unavoidable, one should take care to give them great rigidity. In all

-

cases, the deformation of such parts must not exceed ~0 P&cent of the
Lo”Ls,ldefamation of the control in question.

—

.-
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As to the location of the tabs:
.

.

.

.

(a) One should avoid placing them in the propeller slipstream.

(b) One should place them, as much as possible, in the vicinity of
the aileron bell crank since it is the most rigid section.

(c) Likewise, one should place them, as far as possible, toward the
aileron end closest to the fuselage where the amplitudes of the wing and
hence the influence of the tab on flutter are smallest.

2. ‘TA33LSURFACES

The parameters of flutter are evl.dentlythe sam for the tail SW.

faces and for the wing: aerodynamic forces, inertia forces, elastic
retwn forces. Everything that has been said about the w= therefore
re.yuainsvalid for tail surfaces end in what follows we will emphasize
those aspects which are peculiar to the problem for these airplane ele-
ments. However, scmetimes certain facts will be restated to underline
their importance and to better illuminate the connection between certain
questions.

2.1. HORIZONTAL TAIL

2.11. Horizontal Stabilizer

Everything that follows concerns the horizontal stabilizers of con-
ventional form excluding sweptback ones on which one does not possess
sufficient information at the present t-. However, the general reccxn-
mendations expressed below remain vslid also for horizontal stabilizers
of this type.

2.1.11.Bending and torsion.- Just as for the wing, snd for the same
reasons, one need not give attention to the bending frequency of the
horizontal stabilizer.

As for torsion, one should attempt to achien, just as for the ting,
a high structural rigidity, and one should avoid impairing it by openings.

In this connection, we must mention here the inspection covers. These
latter are evidently very practical for the inspection and maintenance of
the control mechanism, but from the viewpoint of flutter they are clearly
dangerous. One should distrust especially those the attac-nt of which
has been designed in such a manner that, in the strength calculations, the
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cover may be considered as load-carrying. In fact, in the case of
sufficiently strong titrations, the attachment will.@mediately develop
free play, and the hypothesis of a rigid ’connectionbetween cover and
wing covering will no longer be true. Doubtlessly, the attachment, even
with play, will limit the motion of the cover to small amplitudes, but
small-amplitude flutter may be dangerous fiutter. And under the con-
tinuous effect of the vibrations, the free plqy will constantly increase
and thus lower the frequency of the horizontal.stabilizer. Figure 25
illustrates what has just been said. It expresses th~res.ul.tof the
measurement of the frequencies of a horizontal stabilizer provided with
inspection openings as a function of the msgnitude of–the excifing force.
The lowering of the torsional frequency (curve a) is considerable; the
lowering of the bending frequencies (curves b and c), though less signi-
ficant, remains very distinct. ‘

—.—

.
If an inspection opening is indispensable, me should at least

attempt to place it in the least unfavorable position and one should pro-
vide local reinforcements.

2.112. Connection with the fuselage.- One of the most Qerous
forms of flutter for the horizontal.stabilizer is symmetrical bending-
torsion. One realizes that the elasticity of the connection with the
fuselage, like the elasticity of the resx part of the fuselage itself,
plays an important part in this. All efforts aiming at ms.kingthe
horizontal stabilizer rigid will be useless -M the horizontal stabilizer
is not suitably attached and held.

It is particularly difficult to obtain this rigi~-ty if one has to
—

deal with a horizontal stabilizer, the incidence of which is adjustable
in flight. The device for adjustment always introduces a certain elas-
ticity which lowers the torsional frequency of the horizontal stabilizer.
This is also true for a device of adjustment on the ground; but this
latter can be made much more easily in a sufficiently rigid form.

Moreover, an adjustable horizontal stabilizer is connected to the
fuselage only along two lines: the fixed hitie axis and the variable
hinge sxis. This last one is less rigid tti the fixed-axis, and a d3.s-
place~nt of the elastic axis of the horizontal stabilizer results. This
may bring about a noticeable increase as well as decrease of the critical
speed. Should the occasion arise, a calculationmethod is recommended.
(See appendix IV.) -.

— —
The English regulations give a numerical criterion-for the rigidity

of the horizontal stabilizer. However, they -~ so without taking the
fuselage into account which greatly diminishes the practical value of
such a criterion. .-



;

~ -L:.*m-’
NACATM 1423

.

.

25

The formula is as follows:

with

v equivalent sea-level diving speed, m/s

T torsional rigidity measured at 8/10 of the semispan, m kg/rad

b span of the horizontal tail surface, m

c mesm chord, m

M Mach number

B numerical criterion: P = 0.33
whether or not the horizontal
tail surfaces

or P = 0.26, according to
stabilizer carries the vertical

Regarding this formula, one could restate ths remarks made before at
the occasion of smalogous formulas relating to the torsional rigidity of
the aileron (section 1.25), andto the torsion of the wing (section 1.13).
We refer the reader back to them and recommend, in particular, a certain
caution in the use of this formula in the case-of the
horizontal stabilizers carrying two vertical fins.

2.113. Influence of the vertical tail s~faces.-
faces sre treated here only insofar as they influence
properties of the horizontal stabilizer when they sre

airplanes with

Vertical tail sur-
the tibratory
directly carried

~y ~he latter. A central fin also may exert an influence on the hori-
zontal stabilizer through an insufficiently rigid fuselage, but this is
not exsmined here.

The fins act”on the horizontal stabilizer which carries them chiefly
by their mass; thus we shall speak here, above all, about the distribution
of the masses.

Since satisfactory behavior of the airplane hposes on the designer
a certain smount of total area of the vertical tail surface, he should
let himself be guided - regarding distribution and shaye of this area -
by the following considerationswhich sre intended to prevent flutter.

Above all, the moment of inertia with respect to the elastic axis of
the horizontal stabilizer must be as small as possible so as not to lower
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the torsional frequency of the latter. This moment of inertia consists
of the inertia of the vertical tail surface with respect to its center of .

gravity Iv plus the product of its mass m and the square of the dis-
tance r of its center of gravity frmn the elastic axis of the horizontal
stabilizer.

I = Iv + ma ..

In cases like those representedin figures 26(b)
of r may be very large. Thus one.should avoid this
as far as possible although the necessity of ensuring

and 26(c), the value
type of arrangement
a sufficient pro-

tection fo~ the tail surf~ces, in the case of a tail~wheel airplane; mme-
times forces the designer to resort to it.

—-.—

—

Also, one must avoid coupling of bending and tor~ion of the horizon-
tal stabilizer. This requires that the vertical projection of the center
of gravity of the vertical tail surface on the horizontal stabilizer which,
in the majority of cases, is situated behind the elasfic axis of the hori-
zontal stabilizer (because of the weight of the rudder) should be as close
as possible to this axis. In other words, the projection rx of the dis-
tance r on the x-axis (parallel to the fuselage axis,)is generally posi-
tive, but it is desirable that rx should be very small or even negative.
However, it must be noted that, if this is not possible, that is, if one
cannot succeed in making rx very small, it is not always favorable to
reduce its value and in certain cases, such as the one represented in
figure 26(c), it would, on the contrary, be desirable to make rx still
laxger. In the dubious cases, “simplifiedcalculationswill indicate the
solution which should be adopted. (See appendix IV.)

Another coupling, that of the torsion of the horizontal stabilizer
with the rotation of the vertical tail surface about a?iaxis parallel to
Oz (vertical axis), depends .onthe magn.itu~ of the projection rz of
the distance r on the axis Oz. !l%iscoupling may be favorable, though,
because it increases the antisymmetrical-torsionfrequency of the hori-
zontal stabilizer. In this case, the calculations are rather complica~d.
One should simply remember that a high value of rz is not a priori
unfavorable, especially if, otherwise, the control surfaces are perfectly
balanced. But one should not forget that in sny case an increase of rz
causes an increase in the moment of inertia.

2.12 Elevator

ated
The requirements of rigidity and mass balancing which we have enumer-
with respect to the aileron are just as valid concerning the elevator.

—

.

.

.

-

——
-:- ,“=.
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Sametimes the static balancing of the elevator is opposed, for the
sslseof ensuring the stability of the airplanes in flight. For airplanes
of relatively low speeds, below approximately 400 lan/h,one may allow
certain static Unbalmce of the elevator, but for a high-speed airplane
where the question of flutter beccnnesof fundamental importsmce, it will .

be necessary to balsnce the elevator, pitching stability then being
achieved by means of a pendulous device linked to the control and located
in the fuselage.

2.121. Eending rigidity.- Generally, the conventional cons%’uction
methods for the control surfaces ensure for them a satisfactory bending
rigidity. We recall that it is necessary that the bending frequency of
the elevator shouldbe higher than the torsional frequency of the hori-
zontal stabilizer. This is obtainedby the proper degree of rigidity
of the structure, and above all by the choice of a suitable distance
between the bearings.

2.122. Rotational rlgidity.- The vibrations of the elevator about
its hinge axis cm have two principal forms (we are here concerned with
the conventional elevator tith two movable surfaces separatedby the
fuselage; see fig. 27):

(1) Symmetrical motion of the two flaps
(2) Antisymnetrical motion

The first motion Involves the control, but the second does not
introduce any constraint, provided, of course, that the two elements of
the elvator are symmetrical snd that the control operates exactly in
the plane of symmetry.

In both cases, the connecting device between the two movable sur-
faces plays a very important role. It consists most frequently of a
torsion tube, but there exist other types of connection, too. Almost
always this detice possesses a high natural elasticity, notably in the
case of the tube which operates in bending and torsion, and the rota-
tions of the elevator which are made possible by this elasticity will
be the source of considerable aerodynamic forces favorable to the
appearance of flutter.

However that may be, as far as the rotational frequency is concerped,
the rule to be followed is the ssme as for the aileron: to make sure that
this frequency is higher than the prticipel frequencies of the horizontal
stabilizer and, if that is not possible, to keep it distinctly below the
torsional frequency. One should not forget, in this connection, that the
effective frequencies of the horizontal stabilizer are concerned here;
one thus denotes - in contrast to the frequencies of that element vibrating
separately - those frequencies which it possesses effectively in a given
machine, taking into account the flexibility of the fuselage and also of
the vertical tail surfaces which it may carry, as the case may be.
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The adjustment of the frequency of the elevator will be achieved,
as usual, by varying the elasticity and the masses; of course, one should

.

prefer introducing, if necessary, supplementary elasticities rather than
masses which would increase the inertia and the weight. —..

Thus, if one has decided to impart to the elevator a supplementary
elasticity, there now arises the problem of finding the best place to put
it. If the elevator is balanced over its entire span, the localization of
the elasticity is of no importance, provided, of course, that the balancing
masses remain rigidly attached to the elevator. It is different in the
case of balancing by concentratedmasses because one must avoid introducing
an additional tibration of the concentratedmasses with respect to the ele-
vator. TO avoid it, it will be necessary to keep the elevator rigid, and
the flexibility will then be introduced preferably in the connecting dewl.ce
between the two movable surfaces. =— =-—.=-””-— —-

2.=3. Bal=cing of’the elevator.- Balancing by a mass distributed
along the leading edge is sometimes difficult to accomplish for the control
surface we are here concerned with, because.the latter generally has a
relatively large chord as well as a hinge axis situated very far forward,
in order to avoid sm excessive aerodynamic balancing. Under these condi-

—

tions, a distributed mass balancing would require a relatively high weight. -

One may then tky to achieve either static balancing by concentrated .
masses, or dynamic balancing.

.
Besides, the two types of balancing are frequently combined as shown

in figure 27 where.the horn of the elevator which ensures the aerodynamic
balance, loaded with a suitable mass, contributes at the same time to the
static and to the dynamic balance. .

The rigid connection of such masses to the elevator proper is of
fundamental importance; it is not always easy to achieti it, because of
the openings required by the bearings in the leading edge of the elevator
which forms the torsion box. Therefore, to ensure for it sufficient
ri.gidlty,one will have to reinforce this leading edge Guitably, even i~”
that leads to dlmensi.oningit well above the simple stress requirements -=
of this element. .. -

For certain forms of vibration, a weight situated at the tip of the
control surface may ensure its dynamic balance. This permits (see appen-
dix 111) a considerable reduction in the total bahncingweight while the
natural frequency of the elevator i.sincreased. In one single case this
form of balancing proves ineffective: in the case where the bending of
the fuselage sustains a flayping of the tail surfaces in such a manner
that the amplitude of the motion is the sane along the entire span of the

.

elevator.
.—_.

.—.

-.. =

.—
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In the general case, one may regard the motion of the horizontal
tail surfaces as the sum of two other motions:

(a) A bending of the horizontal stabilizer which one may assure to
be of a parabolic form, expressedby the relation z = AY2 (fig. 28)

(b) A bending of the fuselage, with sm ordinate z = B = co~tint
at the point of intersection of the elastic axis of the horizontal sta-
bilizer with the sxis of symnetry of the fuselage.

One can see that, with A snd B known, one can calculate the
suitable weight to be placed at the elevator tip to ensure the dynamic
balance of the elevator. Figure 29 presents a curve which gives pre-
cisely this weight as a function of the ratio B/A.

Let us note here that the American regulations (fig. 12) adopt an
analogous viewpoint based on the ratio of the frequency of the elevator
to the frequency of the horizontal stabilizer. The frequency of the
elevator here considered is a symmetrical frequency, that is to say, the
frequency of a motion where the ccznbinationof the two movable surfaces
vibrates in the same manner against the control.

For the calculation of the ratio K/I, the Americsn regulations add
to the diagrsm 12 which was mentioned before with regard to the aileron
(section 1.24) and which is usable for the three controls, a new diagram
(fig. 30) which replaces the dlsgram 11 used for the calculation of the
aileron.

As to the French regulations, their specifications are the same as
in the case of the aileron (section 1.24), the reference @s x being
always the hinge axis, and the reference sxis y becoming in this case
the fuselage axis.

Everything that was said above can only serve for verification, a
posterior, of a elevator which is already constructed. For the engineer
who is still in the design stage, our experience permits stating the
following rules:

1. If the designer has no knowledge at all regarding the frequencies
of the fuselage, of the horizontal stabilizer, and of the combination of
elevator and control system, he should consider ideal static balancing of
the elevator. He should place the bal~c~ masses preferably toward the
tip.

If this total balancing does not satisfy the aerodynamic conditions
of pitching stability, one should ensure the latter by supplementary
stabilizers in the fuselage. After hsmbg performed tests, one will know
whether there is reason for more or less reducing the balancing masses as
well as for keeping or eliminating the stabilizers.
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2. Since the calculations for determination of the natural bendhg
frequencies of the fuselage and of the .%ailsurfaces are relatively simple,
the evaluation of the weight reqtired for balancing does not offer great
difficulties. Such balancing simplifies the construction and reduces the
weight. Nevertheless, whatever the values yielded by--thecalculation may
be - one should take care, as a precautionary measure, not to establish a
static balance smaller than 50 percent of the perfect static balance.

3. If the balancing mass is distributed over the entire span of tie -
elevator, one will have to anticipate a total static balance since in this
case a dynamic bahnciqg does not take place. After ground tests, it will
still be possible in this case to reduce the masses anticipated,but the
reduction will not be as significant aa in the case of–a single mass at
the tip.

2.124. Balancing by elastically suspended masses.- It hm been pro-
posed - and in some cases~ realized - to bd”ance a control surface by
means of a mass attached to a spring. In this case, one makes the natural
frequency of this device equal.to the flutter frequency as it had been
determinedly calculations and tests. At critical speed, the smplitude of
the motions of the mass then becomes very large and likewise, consequently,
the acceleration to which this mass is subjected so that its apparent
weight will be considerably higher than its weight at rest. The econmy
in weight for the airplme is e%rhient,and one can also, thanks to this
artifice, leave to the control surface a certain unbalance necessary for
good stability.

-.. ‘—
The following disadvantages are opposed.to this:

1. One can determine mass and frequency of this arrangement only by
...

very tiresome flight tests or model tests.

2. OrIthe other hand, it is not customary to verify the frequencies
of a machine in service. Besides, such verificationswould not be easy-”
since they would require specialized equipment and persmnel. Thus the
variations in freqy.encyresulting from wear, from repairs, deformations,
etc., constantly require adjustment of the device for elastic balancing.
If this is not done, the device may become &ihgerous and a cause of
flutter.

—
The designer is therefore advised agatist resorting to this procedure,

at least for an airplane of custrxmry size.
_

For sm extremely large machine,
adoption of this method could be justifiable,protided, of course, that a
careful study is made beforehand.

.
—
.

8

—.—

.

.

— —

.. . .
..

.-

.-
—.

2.M5. Case of the displaced hinge axis.-
.

We have already discussed,
in connection with the aileron, control surfa=es the hinge of which is not
in the symmetric plane. Flutter prevention does not necessarily require. . --

.—
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the balancing in height of such a control surface, and it will be suffi-
cient to place the center of gravity along a vertical line through the
hinge.

●

If perfect balancing is achieved, an inclination of the device such
as a deflection of the control surface does not change aqrthing in the
conditions for the appears.nceof flutter. Eowever, in the case of an
imperfect balancing, even though the inclination of the device still has
no other effect but that of modifying the amount of the static moment,
the situation is different regarding a deflection of the control surface;
such a deflection, Msplacing the center of gravity of the elevator with
respect to the horizontal stabilizer, causes, due to this fact, an addi-
tional coupling.

Rather than to accept this coupling, we advise in such a case an
overbalancing of the control surface in such a msnner that for any deflec-
tion which is possible in flight (taking into account the forces involved
as much on the part of the pilot as of the structure for a speed of
0.75V_) the center of gravity is projected in front of the hinge axis.

As has been said before, this balancing might cause disadvantages
regarding the stability of the machine. Thus one will resort in this case
also to a stabilizing mass situated in the fuselage. (For the ailerons,
the effects on the control of the position of their centers of gratity
ccnnpensateeach other.)

2.13. Bob Weight

We have mentioned several times employment of amass situated in the
fuselage and acting on the elevator in order to stabilize the machine in
flight.

Of course, the introduction of such a mass into the elevator-control
surface system modifies the natural frequency of that system snd it will
become practically impossible to keep this frequency above the torsional
frequency of the horizontal stabilizer as wouldbe desirable. For want
of this possibility, one should therefore attempt to lower the obtained
frequency as much as possible. One will be limited in this direction only
by the natuxal pitching freqpency of the airplane.

One may question whether the bob weight can play the role of a bal-
ancing mass applied to the control surface. This is possible for certain
forms of vibration but not in all cases. First of all, it is necessary
that the vibration concerned be of the type which sets into motion fuse-
lage and tail surfaces at the same time, and if that is the case, it is
furthermore necessary that fuselage and elevator be in opposite phase.
One sees, in fact, in figure 31 that the forces of inertia must act on
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the control surface and on the mass situated in the ffmelage in an oppo-
site sense in order to bring about reciprocal compensation of their .

mot+ons. Therefore, only a test or preliminary calculationswill make
it possible to de@nnine the favorable or unfavorable role which the
bob weight may play in particular cases.

c

For certain very rigid fuselages like that of the DO 335 which has an
enaine in the rear, or in the case of a nozzles the m~tions of the fuselage
wi~l have a very s~ll amplitude, and the influence of the hob weight will
not make itself felt.at all - umless the horizontal tail surfaces are very
heavy, for instance, when they carry relatively weighty vertical tail sur-
faces at their tips; in this case the relative magnitude of the emplitude
of the fuselage would be increased in spite of its rigidity. .-

In practice, one should either dimension the bob’”weightin such a
manner as to impart to the elevator bob weight combination a very low
frequency”which is, however, still higher than the pitching frequency of
the airplane, or one should place the bob weight towtid the front, that
is to say, in the neighborhood of the center of gravity of the airplane,
in order to protect it from the motions of the rear of.the fuselage and
thus to
have to
we have

eliminate any influence from those “titions. Gtherwise, o=e would
make a thorotih
discuesed here.

study of the problems guided by the prkclples— —

—

2.14 Tabs
—

—

From the viewpoint
on the elevator than on

of flutter, tabs in general have a greater effect
the ailerons.

—
This stems from the fact that the natural frequencies of the horiz-

ontal stabilizer of the elevator are generally higher.than the corres-
ponding frequencies of the wing and of the aileron, and are closer to the
natural frequencies of the tab itself. ,,.,

—.-
Everything that has been said regardi~””txibsmoun~d on the aileron

(section ~.4) remains valid for tabs mounted on the elevator. We recall _
here only the essential points: —--- —. .—

(a) Free play: one may allow a certain free play of the tab, parallel
to its hinge axis. Any other play is dangerous (espec@lly if the tab is
subjected to the propeller slipstream). — . .—

(b) Elasticity: the tabs and their control &c@sms ~st “be“gs
rig$d as possible.

.

(c) Babulcing: regarcUag this subject, see the recomme@atio~”made
apropos of the aileron tabs. The regulations require perfect balancing
but, in our opinion, this requirement is not @stified.”

.
.—

——
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2.2 VERTICAL TAIL SURFACES

2.21. Fin

2.211. Central fin.- ~ the case of a single
of symmetry of the airplane, one need not pay sny

fin placed in the plane
attention at all to this

elepent, from the viewpoint of flutter. With a suitably balanced rudder,
flutter is very rare. It is evident that the general rules, already dls-
cussed at length in the course of this report, are to be applied equally
to the construction of a fin: rigidity of the structure, distribution of
the masses (forward position of the c“enterof gravity), etc.

However, one should not be too concerned if the center of gravity
should be placed relatively far to the rem, as happens frequently because
of the rudder. The mounting in the fuselage must be sufficiently rigid,
but above all the fuselage itself must possess a suitable torsional and
lateral-bending rigidity (the rigidity of the fuselage will be discussed
later on).

2.21.2.Laterally disposed fins.- We examined this type of construc-
tion with regard to its effect on the flutter of the horizontal stabilizer
before. Besides, since these members are relatively small (for they have
only half the surface required by the directional stability of the air-
plane), their natural bending-torsional flutter need not be feered.

2.213. Fin carrying the horizontal stabilizer.- This type of construc-
tion is dsngerous whatever may be the location of the horizontal stabilizer
along the height of the fin. For this reason it is necessary to take a
certain number of precautions:

(a) Rigidity: a high degree of rigidity is required of the portion
of the fin situated between the fuselage and the horizontal stabilizer as
also, as has been said before, of the mounting of the fin in the fuselage,
and of the fuselage itself.

As to the mounting of the horizontal
not make any a priori state~nt about it;
bility of this mounting may be favorable,
torsional rigidity.

(b) Distribution of the masses: two

stabilizer on the fin, one csn-
in certain cases a certain flexi-
provided the fin has sufficient

cases must be distinguished; if
the center of gravity of the horizontal tail surface is to be near the
leading edge of the fin, one should place it as far forward as possible
(as much as the aerodynamic considerationswill permit).

If the center of gravity of the horizontal tail surface can be located
only rather far rearward, it is sometimes better to increase its distance
from the elastic axis of the fin or to @e the connection of these two
elements flexible (cf. 14). Calculations are then necessary to detemine
the influence of these modifications on the critical speed. (See
appendix IV.)
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2.214. Nm.uericaldata.- !t!he”~~ish regulations provide for the fin
the ssme criteria as for the horizontal stabilizer. It must be noted that

r

they do not deal with the special cases we treated above. —
.
—

2.22. Rudder

With regard to the rudder, one should reread everything which has
already been said about the mcwable control surfaces. We enumerate below
only the particular aspects peculiar to the-iudder.

2.221. Central fin.- The area of the rudder is generally rather large,
it may attain one and one half times that of the elevator. Under these
conditions, everything remains valid that we said, in discussing the lat-
ter, about the difficulty of a satisfactory balancing by means of distri-
buted masses, because of’the weight of the element, on one hand, and of
the very short lever arm available in front of the hinge SXLS, on the
other hand; especially, if the aerodynamic balance is ensured by trailing-
edge flaps which move the center of gravity of the rudder back toward the
resx.

—

—.

.

On the other hand, the rudder offers two favorable locations for
the concentrated balancing @sses; they are its two ends. The tip, on
the one hand, quite frequently carries a horn for aerodynamic balancing
which is very suitable for carrying a balancing mass; the lower end of
the hinge axis, on the other hand, can easily carry another mass which
will be situated inside of the fuselage and will be capable of having a
rather long lever arm.

As for the elevator, the concentrated masses permit achievement of
either static or dynsznicbalance, or of both at the same time. .

‘Ihedistribution of the masses between the two extremities of the
rudder depends on the form of tibration of the fin and especially on the
position of the nodal line. If one is faced with a lateral bending of
the fuselage with approximately the same amplitude at all points of the
fin, the distribution of the masses is without importance. But if
twisting of the fuselage is present, the dynamic balsncing increases
with the mass situated at the free tip of the rudder and may become an
excessive balance. In this case, however, one should be careful not to
reduce the mass in question too much, in order to maintain its effective-
ness for the other case, that of lateral bending. —

To illustrate the complexity of the problem figure 32 shows the case ,
where a mass situated too LOW in the fuselage at the end of the hinge axis,
far from contributing to balance, causes on the contrary an unbalance. In
this case it will be appropriate to place the lower balancing mass as high -
up as possible in order to have it close to the nodal line.

—-—
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2.22. Laterally disposed fins.- The case of two fins at the extrem-
ities of the horizontal stabilizer occurs frequently. Also, one finds
sometimes three fins, one central and two lateral ones. The complexity

. of the vibratory phenomena obviously increases with the nwnber of fins,
and we must limit outselves to a few general suggestions:

(a) All observations given for a single rudder, concerning the rig-
idity, the balancing, etc., remain valid. Each control surface should
be balanced individually.

(b) This does not prevent grouping a part of the balancing masses in
the fuselage, those which correspond to the mass situated at the lower
extremity of the axis in the case of a single control, provided that the
control rnechanlsmin the tail has sufficient rigidity.

(c) In certain cases, it wi~ be possible to @ace in the fuselage
all the masses required for balancing. But this can only be done after
sufficient information has been obtained in ground tests.

One sees from what was said above that multiple fins offer a rather
large number of possibilities regarding their balancing. Doubtlessly,.
these possibilities can become known only by tests andby rather lengthy
studies, requiring collaboration of specialists. However, since we are

. concerned in general with large airplmes, these studies and these tests
sre worth the effort since they may pay for themselves by a considerable
sating in weight.

2.223. Fin car rying the horizontal stabilizer: rudder in two parts.-
The separation of the rudder into two elements, sometimes made necessary
by the fact that the horizontal stabilizer is carriedby the fin, is not
absolutely disadvantageous from the viewpoint of flutter.

It will be necessary to balance each of the parts of the rudder
separately if it is not possible to connect them very rigidly with each
other. The aim is, as has been said above, to obtain a rudder frequency
which is higher them the torsional frequency of the fin, but in this case
this objective can generally be realized easily because the presence of
the horizontal stabilizer considerably reduces the torsion of the fin.

2.224. Attachment of the balancing masses.- However carefully made
and rigid the attachment of the balancing masses to the rudder may be, one
can hardly avoid that these masses constitute, together with the rudder, a
system tibrating in torsion the frequency of which will be lower than the
torsional frequency of the-fin. Even.more important than the freqyency

. is the form of this vibration. We shall here briefly examine this
question.

.
.
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Concerning the frequency: it must be either above the natural
bending frequencies of the fuselage and of the fin or, if it can not be

a.

above them, as had been assumed, it must be very much below the torsional
frequency of the fin. If, after ground,tests, a modification of this
frequency is deemed useful, it can easily be achieved by modification of

.

the elasticity of the attachment of the masses. —.—

Concerning the form one should refer to the figure 33 which illus-
trates the role of the ground tests in the search for measures suitable
for the prevention of flutter. May it help the manufacturer to~tter
understand and welcome the demands of the engineer who interprets these
tests!

The rule is to avoid, above all.,that the elasticitiesbe located
in the attadmnents themselves of the balancing masses. This is shown in
the exqmple, treated in figure 33, of a rudder provided with a balancing
mass at each of its extremities.

—

We assume a certain form of torsim of the fin, for a frequency
higher than the torsional frequency of the rudder. If the elasticity of
the latter is uniformly distributed over its entire length, the form of
vibration will be that of figure 33(a); its appearance e~resses an --

overbalance at the lower extremity and an underbalance at the other
extremity; frm the viewpoint of flutter, the two compensate each other
(approximately).

.

Still more favorable is the form represented in figure 33(b) where
the entire elasticity of the rudder is localized toward the attachment
of the lower mass; there results an overbalance of almost the whole
rudder (except tuward the bottom) which is favorable. In figure 33(c),
one sees in contrast what happens in the case of a considerable el.asticity-
in the region of the attachment of the upper mass. The action of the lat-
ter is predominant, as a result.of the larger amplitude of its motions,
and almost the entire rudder will.be underba@nced which must be avoided.

Conclusion: the manufacturer should be careful to avoid any discon-
tinuity in the rigidity and any excessive flexibility in the attachments
of the masses.

--
.-

—.
2.23. Tabs —.

Everything that has been said regarddng the aileron tabs or the ele-
vator tabs is equally valid for the rudder tabs. The majority of cases
of flutter of the vertical tail surfaces can be attributed to the tabs,
and there does not exist X case of vibration of a balanced rudder with- .

out participation of the tabs. This indicates best their importance..
.

.:

.: -—. . —. “.
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3. FUSELAGE

3.1. DISTRIBUTION OF THE MASSES

Evidently, there exist mass distributionswhich are more favorable
than others, as far as prevention of flutter is concerned. But, in gen-
eral, the designer can hardly modify the distribution ~osed on him by
the construction and the equipment of the airplane; besides, the effect
of the modifications which prove to be possible is generally rather small,
and the designer may neglect this question.

3.2. STRUCTURAL RIGIDMY

The rigidity of construction of the fuselage exerts an influence
only on the flutter of the tail, smdonly the rear part of the fuselage
is involved in this case. We present the rigidity criteria hposedby
the English regulations (fig. ~).

Regarding these criteria, one may remark that they seem to be hued
more on a good behavior in flight of the airplane than on the prevention
of flutter. But it is quite evident that observation of the rules imposed
by the regulations is favorable for the antiflutter properties of the air-
plane. & other important points, we shall mention:

(a) The ratio of the bendih.grigidity of the fuselage and its moment
of inertia with respect to the transverse axis of the airplane.

(b) The ratio of the bending rigidity of tie fuselage and the mass
and the inertia of the horizontal tail. The rigidity of the fuselage
must increase when the latter increase.

(c) The slope of the elastic axis of the fuselage at its extremity.
Ih this connection it must be said that the criterion indicatedby the
regulations is clearly insufficient; first, because it speaks of the
Usplacement of the fuselage under the effect of a force only, without
exsnining the case where a mcment would be applied; second, and foremost,
because it mentions only the displacement of the extremity of the fuse-
lage,and neglects its slope. However, the latter, because of being
linked to the torsion of the horizontal stabilizer, plays a predominant
role.

(d) Tne connection of the fuselage with the horizontal tail.
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3.3. ATTAC-OFEQUIFMENT
*

In a flutter calculation, one considers all masses
airplane (in contrast to the elements of the structm%)

-. ‘k.
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—

situated in the b
as rigidly con-

nected tith the airplane. In practice, this is far from being correct;
the attachments of the engines, for instance, of the tariks,of the
landing gears, etc., have a certain flexibility and, as a result, the
masses which they connect to the structure form with these attachments
a vibrating system, characterizedby its natural frequency.

One must be careful in the case where these frequencies should
coincide with those of the engine or of the propeller; the resonance
could cause failures. Outside of that, the manufacturer need not be
connerned about these vibrations, in practice; if it is a matter of
small msses, they are unimportant; if it is a matter of large masses,
their motions depend not only on the attachments, in the strict sense
of the word, but on the elasticity of the entire partof the airplane
where they are attached; consequently, a modification of their fre-
quency would require extensive structural mcxllfications,not feasible . _-
in the large majority of cases. —.. ,.-.—

As to the feasible modifications - they have in general no appre-
ciable effect on the natural frequency of the masses situated within
the airplane.

—
Thus, for instance, for the (2MF’(motor-propellergroup),

.

tests concerning modifications of the attachment, ranging from a metal
link to sn elastic rubber link, have shown that the variation in fre-
quency, even in these extreme cases, did not exceed 20 percent. A
stiffening of the wing box structure would have been much more effective
(althoughpractically not feasible) (ref. 4).

. —.. ‘“”

3.4. MASSESCONNECT!EDWITH THE CONTROLS

-.

It is almost unnecessary to emphasize that, different from the
masses connected to the structure, the masses connected to the control
mechanisms are of extreme importance. Their presence modifies the
natural frequency of the control mechanisms “and,through them, the
vibratory characteristics of the control surfaces.

.:

.
.,---— .—

.—
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Only ground tests can furnish valid information regarding this
. subject. The msnufactuxer should act

for the possibility of quickly making
could reveal to be necessary.

.

Translated by Mary L. Mabler
National Advisory Cc?.mnittee
for Aeronautics

cautiously by providing beforehand
the modifications which the test

.
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CONCEPTIONS

CONCERNING VIBRATIONS

who are less familiar with the proble~
text of this report better if they be=
mind:

---

e..

of flutter will
the following

wings, the tail surfaces, ~d the fuse’~e of am air- “
plane are comparable to a beam, it is convenient for the language and
the representation of the test results to inmgine a pure-bending defor-
mation in which all points of a section undergo the sane displacement and
a purely torsional deformation in which all points of a section turn at
the same angle about a certain point of this section. To these two
fundamental types of deformation, one must add the rotation for those
parts that are capable of turning about a hinge axis. —

—
In practice, in the course of titrations, one d~-s not observe tiese

pure deformations. What one obtains if one suitably excites an element
in such a manner that all points vibrate in yhase (with a constant phase
displacement of 90° with respect to the exciting force), is a form (or
mode) of natural vibration which one characterizes by its frequency and
also, quite frequently, by the number of nodes t%at it-contains. A -.
natural form of
forms.

On a wing,
of torsion. In
expressions one

vibration is always made up..ofa combination of pure
:.,-

this will be, for instance, a combination of bending and
this connection, one must not get cofi_usedregarding the
can findin certain documents, such a5”: form of funds- _.

msntal torsion of the wing, form of symmetrical benti~, etc. These
expressions refer to the mode of excitation or else to the predominance
of one of the pure forms; but the natural form always presents a mixture
of pure forms. We shall give examples further on.

As to the form of flutter, it is a combination of_.natWal forms.
If one refers - to use a simple example - to a vibrating system consisting
of masses and of springs, one knows that each mass and the spring which
attaches it constituteswhat one calls a “degree of freedom” of the system.
For solting the system, one will have to write as many differential eqUa-
tions as “itpossesses degrees of freedom. Likewise, expressing a problem
of flutter in equations requires a number of equations equal b the number _
of natural forms the flutter contains. (This is ev$.dentlya theoretical
requirement, but we do not deal here with the practical aspects of the

..
.L.

—
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In flutter calculations, as they are generally performed at present,
one starts out from the natural forms which constitute the vibratory
motion; this method simplifies the calculations appreciably. one desig-
nates them then by the expression “generalized coordinates” of the
deformed element because they determine its form in the same manner as
it could be done with Cartesian coorillnates. But according to what has
been said before, one csm see that it is legitimate to consider initially,
as has been done all through this report, the pure forms of bending, tor-
sion or rotation which are the fundamental components of the flutter
vibration. Besides, consideration of the pure forms is, in practice,
the only one accessible to the designer because they are characterized
by the type of construction the parameters of which determine the criti-
cal speed (appendix IV).

Constantly =ntioned sre the conceptions of mass and of rigidity
which do not offer sny difficulties, and that of the elastic sxis which
must be explained here.

It is usually said that an airplme wing does not pussess sn elastic
axis in the sense that it is actually impossible to realize statically a
pure torsional deformation of the entire wing, at least for wings designed
according to the generally adopted structural types. But if one considers
a section of this wing separately, and subjects it to a pure couple, it
will turn about a certain point O, and if the section is loaded at that
point, it will bend without torsion.

In this report, we designate by the expression “elastic axis” the
geometrical.locus of the yoints O. Its usefulness consists in furnishing
a line of reference for permitting an estimate of the (favorable or unfa-
vorable) effect of the displacement of the masses in the airplsne.

Let us make a concluding remark regarding the representation of
titrations.

Let us recall first that the wings sre regarded aa plane surfaces
with weights which aounts to assuming that the motion is the ssme for
all points situated on a perpend3.cularto the plane. The section of a
wing is thus reduced to a straight line in the plane.

Another hypothesis, a simplifying hypothesis, but rather well veri-
fied in practice and which forms the basis for all flutter calculations,
is that the sections sxe unreformable (that is, under the action of the
forces coming into play in the course of the vibratory phenomena).

This being the case, the motion of awing is representedby that of
a certain nuiber of its sections. For this purpose, one transfers to the
wing plane, from the straight line representing each of the comidered
sections and perpendicularly to it, a seggnentproportional to the smpli-
tude of the motion of the point which coincides with the origin of the
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segments, According to the second hypothesis above,_one CaU see that it *
will ~“ sufficient to represent the motion of two “poYntsof tliesection
and to connect by a straight line the outermost points of the two repre-
sentative segments (in practice, one measures the motion at more than ●

two points, but we cannot enter here into the details of the tests).
Conventionally, one directs the representative segment towards the wing
tip for representing a dawnward displacem&nt, considered to be positive,

.—

and in the opposite direction, thus toward.the fuseltie, for representing
an upward displacement. .,..-

The point where the straight line which represents the .sm@ltudes
intersects the wing section is a node. Connecting the nodes of the ve.ri-
ous sections, one obtains the nodal line (drawn in dot-dashes). The
nodal line separates in the plane the regions where the motion, at a
given instat, is downward from the regions where it is, at the ssme
instant, directed upward.

In figure 23, a form of vibration has been represented which is
called “bending vibration” because bendi~”predominates in it. However,
this form con&ins also a torsion which one can see from the fact that
the amplitudes of a section are not constant, and also from the fact that -
the nodal line is not perpendicular to the elastic axis which is here
supposed to be rectilinear. The other figure (fig. 24) represents a form
of torsion, but it is not a pure torsion as”would have taken place if the
nodal line had coincided with the elastic axis.
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AILERONICCBMI!IONSOF HIGH-SHIED AIRCRAFT (SEE REF. 6)

(M > 0.65)

On airplanes at very high speed (M > 0.65), vibrations have been
observed the origin of which is different from the titrations which one
may call classical with which we dealt in the course of this report.
We must now say a few words regarding these special vibrations the con-
sequences of which also may be very serious.

Their cause lies in a detachment of the air flow along the aileron
from which results a phase displacement between the motion of that con-
trol surface and the oscillation of the aerodynamic forces. The following
mesms are recommended for avoidance of the appearance of flutter.

(a) Use of profiles of the smallest possible thickness and curvature

(b) Profiles hating their maximum thickness at ~ to 35 percent of
the chord and presenting behind the point of ~un thickness no abrupt
variation in their Mnes, and no protuberances of any sort

(c) Swept wing, psrticularl.yforwsrd-swept wing

(d) Wing chord and chord of control surface as small as possible;
in addition, the control surface would preferably be placed in such a
msmner tluitit is directly exposed to the airstresm and not blocked by
the wing

(e) High structural rigidity of the control surface

The methods of boundary-layer control also can play a satisfactory
role in the prevention of flutter with which we are concerned. However,
we mention this only as a reminder since their practical employment seems
at present still remote.

We also note that, for a given Mach nuniber,the tendency toward
flutter Mminishes in proportion as the altitude increases.

Finally, it is evident that an airplane, certainpsrts of which are
in an *rstresm of supersonic speed while the other psrts are in an air-
stresm of subsonic speed, will.be subject to violent “shocks,’!apart from
what is normslly called flutter.
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BALANCING ---- —--— --

,.

-c Ekii.ancing

A movable surface is dynamically balanced with respect to a certain
axis if the angular acceleration of the motion of the surface around that
axis does not tend to mslceit oscillate around its hinge axis. A control
surface dynamically balanced with respect to a certdn axis will thus
remain “neutral.”in the course of a torsional vibration around that axis,
that is to say, it will behave as if it’were rigidly connected to the
fixed surface which carries it.

Since the t~es of flutter one encounters in airplane structures
comprize at the ssme time torsional vibration and bending vibration, the
type of balancing and the choice of the axes of reference depend in each
case on the particular form of flutter to which the element considered is .

sub~ect. — =.- -—
..- .

Static Balancing

Complete balmzicingof a control surface is achieved when the center
of gravity of the movable element is situated on the hinge axis, in other
words, when the static moment with respect to this axis is zero; or else,
when the center of gravity lies in a plane passing through the hinge and
normal to the mean plane of the control surface. In this connection, one
must note the following points:

.-

(a) When a control surface is in complete static balance, the numeri-
cal value of the product of inertia K, taken with respect to the hinge
sxis and to an axis of oscillation parallel to it, is constant; the sign
of K, however, depends on the position of the axis of oscillation with

.

-—

respect to the-center of pressure (CP) of this surface.—

(b) If every section of the control surface normal to
i.sstatically balanced, the control surface is in complete
for q.nyvibration around an axis normal to the hinge.

(c) A statically balanced surface will always be more

.- -.

the hinge aim
Wnand.c balsnce

—.

or less unbal-
anced dynamically for any vibration around an axis parallel to its hinge ‘
axis.

4This text is partially a translation of the correspondingpassages ~
of reference 1. —

--—,
-,,.—
.;—
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Balancing Coefficients

The coefficient K/I measures the dynsmic balance of a control
surface. A coefficient zero corresponds to a complete dynsmic balance
for my system of sxes: perpendicular, parallel, or forming any angle
whatever with one mother. A positive or negatiye coefficient corres-
ponds, respectively, to an underbalance or sm overbalance.

This coefficient is dimensionless and consists of a fraction, the
numerator of which is the mass product of inertia of the control surface
(including counterweight), tsken with respect to the hinge axis and to
the axis of vibration, and the denominator of which is equal to the
moment of inertia of the control surface (including counterweights)
taken with respect to the hinge axis.

The coefficient K/I may be considered as representing the ratio

Excitation mment
Resisting moment

and its use is therefore more logical than that of the coefficient CB
which is the ratio

Excitation moment
Weight times sxea

Edh are dimensionless and their use furnishes results essentially
comparable for surfaces of conventional form, but only K/I can be used
for unconventional surfaces. We have to point out, however, that, if
K/I is emyloyed; the results will vary with the aspect ratio of the con-
trol surface which will never occur when CB is utilized, particularly

in the case of axes perpendicular to each other.

I. PRODUCT OF INERTIAWITERESPECYT TX)TdO

PERPENDICULAR AXES

(See fig. 35. ) We consider as perpendicular two axes the angle
between which is eqyal to 90° f l~o.

(a) The x-axis is positive bebind the hinge, negative in front of it.
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(b) The y-axes coincide with the hinge axis. Its positive direction
is on the ss.meside of thex-sxis as the center of pressure on the control “--
surface in the case of maneuvering (this case is discussed in the regula-
tions governing the calculations). Besides, it will .notbe necessary
to determine the exact position of the center of pressure when the half- -
plane determined by the x-axis containing it is known unequivocally.

(c) Once the axes of reference are plotted, the “&ea should be “- -
divided into relatively small elements; then one should determine and
transfer to a table set up for this purpose the weight of each element
and the tistence of its center of aavity to each of the two axes. (See
fig. 36.) This weight and these distances must bedetkrmined carefully.
The covering fabrics and their varnishes, like the elements of the
trailing edge, are sometimes underestimatedwhich may cause a serious
unbalance and which leads to attributing to K/I an excessive value.
In addition, the modifications in the course of service tend to increase
this Unbal=ce.

Referring to figure 35, the product of inertia of the element
weight P is equal to Pxy. The product of inertia of the entire
is the sum of the elementary products of inertia

K=XPXY

-.

of the
area

——. .

.
.-:--—

(d) The moment of inertia ‘Y-Y of the control surface tith respect
—

to its hinge axis is determined with the ssme values w-~ch have served to
—

calculate K. —

For an element of weight 1?,-1 is equal to Px2” where x is the
distance from the center of gravity of the element to the hinge axis.
Consequently, ‘Y-Y is equal to the sum of the (elementary)moments of

inertia, and its value is .X@ . It must be remarked %hat the value of
I can be determined correctly only if the weights are.ditided into a
sufficiently large number of elements, especially in the direction of the
chord. This is particularly important for items such as coverings, fabric
or
If

of

metal, trailing-edge flaps, control mechanisms of these flaps, etc.
we sre given the moment of inertia lG about a line ttiough the center

gravity parallel to the hinge axis, then —

,-;

‘Y-Y = IG + PQ2 ~-. ~. .. —

*

where d is the distance from the center of gravity t6-the hinge axis. .
.

—

.-
.=.—”
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balance is then equal to K/I for

(f) It is sometimes necessary to calculate the product of inertia ~

with respect to a system of sxes ~ szid y2, knowing the product K with

respect to two other axes
‘1 and yl parallel to the first set and sit-

uated in the same plane. If one refers to the figure, one sees that

where P is the total weight, Xl and yl the coordinates of the cen-

ter of gratity with respect to the first axes and ~ and y. the dis-

tances of the first axes to the new ones (fig. 37).

It must be remarked that in the case of a statically balanced con-
trol surface (unbalance zero), the product of inertia

. of the position of the axis of oscillation x, but not

. II. PRODUCT OF INERTIA WITH RESPECT TQ TWO

K is independent of
of its direction.

AxEs

WHICH ARE NOT PERPENDICULAR

This case may arise for a bending of
tion of the aileron. (See fig. m.)

m) ONEANOTHER

the wing coupled with a rota-

The

0-0 and
by means

where cp

product of inertia with respect to the nonperpendicular axes
y-y can be obtained from the rectangular axes x-x and y-y
of the relationship

is that one of the angles formed by the hinge axis and the sxis
of oscillation which contains the center of gravity of the movable surface.
One can see that, if one neglected
indicated above, one would have

acute, and a too small value if
●

taking into account ‘thecorrection
excessive value of ~ if cp is

is obtuse.
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111. PRODUCT OF INERTIA WITH RESPECT TO TWO P~ AXES

THE PLANE OF WHICH CONTAINS THE CENTER OF_-

GRAVITY OF THE CONTROL SURFACE

This case may arise in a torsion of the wing coupled with a rotation
of the aileron or else with a bending of the fuselage coupled with a
vibration of the elevator or of the rudder.

With the same rotation as in the preceding case where y-y is the
hinge axis and x-x the axis of oscillation (see fig. 39 which represents
a lateral bending of the fuselage coupled with a rotation of the rudder),
we have

‘w =

where

% distance between two

xl distance from center
counterweights) to

.-

-.
—

—.

— .—

——
:.-..,

—

parallel axes .—. .

of gravity of control surface (including
hinge axis (positive behind axis and

negative in front of it)

P weight of control surface (including counte~eights)

‘Y-Y moment of inertia of control surface with respect to
—.

.—.. .-”

.
hinge —

It is therefore evident that if KW is to be zero, xl must be-
—

negative, that is to say, the center of gravity of the control surface
must be situated in front of the -e axis.

-...—.

The particular case where the axes are parallel bit where the cent6r
of gravity of the movable surface is not in their plane=.nay,in genersl,
be referred to the above case by pro~ecting the X-axis onto a plane -
passing through the hinge axis, giving a new.axis x’ and by resolution
of the action of the weight into its components parallel and perpendicular
to thiE plane. This is possible when the center of gravity is actually
placed in the plane of the new sxes which is_found to be the case for most
elevators and.rudders. However, in the case of an aileron such as thatiof -
figure 40 where the hinge axis is at the lower part of_the movable surface
so that the center of gravity is above the plane x’ - y, one must take the .

—— — ..
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components of the weight into account because a considerable unbalance
may exist, even with a statically balsnced aileron, for the form of
Vibration which comprises a rotation around the original x-axis.

the
and

Influence of the Deformations

The preceding calculations assume that the fixed pl~e, and hence
hinge axis of the flap, do not undergo any deformati~ of their own
are subject solely to a combined motion of translation and of rota-

tion around-the line of the root. This presupposes implicitly an
infinitely rigid fixed plane; actually, however, there exists always a
deformation of the vibrating part, a bending, for instance, which has
the appearance indicated in figure 41 - a bendfm.gwhich, as has been
discussed in the text of the present report, is replacedby a rotation at
the origin which is represented by a shhple straight line in that same
figure.

It is evidently better to take into account the deformations of the
considered component, not only its motions as a whole, but this is no
easy task for the designer who does not yet knw the form of the vibra-
tions. We shall therefore exsmine this question a little more closely.

The calculations to which one is led are the more interesting as
they actually @eld for the calculaticm of flutter more exact results
than the measurements made in tests.5 This is well worth the effort
required to perform them.

Let us take as an example a wing provided with an aileron, under-
go3.ngbending and torsional vibratims (fig. 42). Ccmplete dynamic
balance requires, according to definition, that each aileron section must,
in the course of the tibration, accompany the motions of the corresponding
%clngsectionas if it were rigidly connected with it. One can see that
such a balance is not feasible; the torsional rigidity of the aileron pre-
vents its different sections from following the rotations of the corres-
ponding wing sections.

5WS is due to two ca~es:

(a) The inertia and the rigidity of the
fere relatively more in measur~nts made on
ments made on the wing.

measuring instruments inter-
the aileran than in measure-

(b) The friction of the hinge axis in its bearings is a constant
force, the relative magnitude of which varies in inverse proportion to
the smplitude of the vibrations considered which axe small in the tests
but large at the mment of flutter (even more so, if the test is made on
a new machine).
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If we now consider the simpler case where the wing undergoes a
bending tibration only, the -C balance is expressed by the following
relations (we assume, for the sake of simplifying the calculation, that
the aileron is connected to the wing at every point of its hinge axis):

J
Z2 —

V(z)rx(z) ~(z)dz =0
21

[

‘2

l.@ry(z)%-J(z)dz = o

(This second relationship is
case where ry is not zero,

.

rarely necessary: it corresponds to
that is to say, to a displaced hinge

The meaning of the
script K modifying y
balance is realized.

We limit outselves

symbols employed is
refers to the mode

to balancing only a
vibrations, those estimated most dangerous
One can demonstrate that the number e of
to the number n of the balanced modes by

e =~if

e n+l-—
2– 2

the number of

if the number

----

(1)
—.

.—-

(2)
—

the
axis.) ..

given by figure 43. The sub-
of vibration for which the

certain n~ber of forms of
from the viewpoint of flutter.
the balanc~-masses is linked
the relation

.—
.

modes is even_. —..

.
-. —

of modes is odd
.

.
under the conttl.tionthat one can place these masses at suitably chosen
points. If the necessities of co~truction require a p-bcement of the
masses at predetermined points, one will have in all cties —

.

-“

.—

!? .2

.

.-—

—

. ..-

e=n .... .—
.-J*

.—

. .

—

—
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The mechanical
evident. As to the

significance of the above integral-s(1) and (2) is
hypothesis that the hinge axis of the aileron is

connected to the wings at all its points - it is approximately true only
for piano hinges. The situation is qyite different when the connection
is made by bearings. In the case where there are only two, we shall
calculate stiply and exactly the motions of the supposedly rigid hinge
axis from the motions of the two bearings fixed to the wing which brings
us back to the calculations of the preceding section.

To return to the general case where the wing vibrates in torsion
and bending; we have already indicated that a complete balancing is not
possible. Thus we limit ourselves to achieving a balance which prevents
flutter.

For this purpose, one can limit oneself to achieving a balsnce such
that the sections of the aileron corresponding to the sections of the
wing whose smplitude is a maxhnum in torsion remain motionless with
respect to the latter in the case of the vibration considered. Then all
other sections of the aileron will be dynamically overbalanced, and the
theory demonstrates that, except for a few rare exceptions, an overbal-
ance is always favorable.

In order to achieve dynamic balance in torsion, one utilizes the
above integrals (1) and possibly (2); they express the moment of forces
of inertia with respect to the hinge axis (except
For a given frequency, one must therefore have

for the factor F).

where the angle q is the smplitude of the torsional motion of
in the considered section, and I the moment of inertia of the

We remark finally that these considerations are valid only
rigid aileron. For very high torsional.frequencies of the wing

the wing
aileron.

for a
it will

no longer be possible ‘toco~ider the ailer~n as rigid, snd in-this case
a balancing mass placed at one of the aileron extremities will hardly
contribute to the balance of the other extremity. In such a case, dis-
tributed balancing would be preferable.
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APPENDIX Iv

OF THE VARIOUS Parameters

THE CRITICAL SPEED
.

We give in this appendix the results of a certain nunber of flutter
calculations for illustrating the statements in the report regarding the
influence of the principal parameters of an airplane structure on the
critical speed. Since the graphical representation of these results makes
a limitation of the number of parameters necessary, there can be no ques-
tion of an exact and complete calculation but only of a simplified and
approximate CdCLiktiOIlj it will serve, at least, to indicate to the
reader the appearance of the curves which express the variation of the
critical speed as functions of the chosen parameters. Thus it must
remain well-understood that the designer must not attempt to utilize
these curves like W abacus permitting him to determine, for instance,
the critical speed of his machine.

We have limited ourselves to consideration of the
wing with two degrees of freedom, bending and torsion.
reports by Leisz (ref. 5), the critical speed is given

case of a plane
According to the
by

.-.

.

.

vCr =

.

with

[ (-iY+(=+w2fip2b I + m Xg

:-=- -
—

P(kg/m) bending rigidity —

C(kgm/m) torsional rigidity
.-

m(kg sec2/m) total mass of the considered area

I(kg sec2 m?) total moment of inertia of the--areawith-respect to an
.

axi% parallel to the elastic axis passing through the
center of gravity .

=;:-

.
——

—...—.
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%(m)’

Xg(m)

p(kg sec2/m4)

ml(kg sec2/m)

Z(m)

.
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abscissa of the elastic sx.is

abscissa of the center of gravity

density of air

mass of the cylinder of air circumscribing a profile

half-chord of the surface considered

n e 9

I=+x

4- J-+~
2

Sketch

.
Neglecting ml (which plays a certain role only with an extremely

light wing) and using the dimensionless coefficients

one

M.& K=~
mZ2 *Z2

obtains the simplified formula

e .%
7-

vcr2 _ P [(g - 1)(K + e2) -(e- l)(M+g2)+e - g]2

2fipb

[( )( 1[
gIf+e2+~ -eM+g2+~ M+g2 1-E@

One sees that, if b is made 1, that is, for a span section equal
to unity, V depends only on 5 parameters. Among them, P appears
explicitly as a factor; thus there remain four pmsmeters which permit
calculation of the function V(M,K,e,g).

The results are givenby the curves of figure 44.
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Since
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—
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i
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—
where ~ and ~ are, respectively, the angular velocities (circular

frequencies) in torsion snd in bending, we have shown on each figure
the value of q corresponding to the values of M snd K. However,
one can limit oneself to the values of q > 1, the only ones to be found
in practice.

+-

We have adopted logarithmic representation since, because of the
factor P, the small values may assume an importance equal to that of
the high values of the function V.

On the other hand, we have limited ourselves to the values of M
and K which - for the smallest value of P encountered in practice -
give a calculated critical speed of264 m~sec (M = 0.8], at~ostj above
this, the aerodynamic hypotheses of the calculation are no longer with
certainty valid.

.

.

.
-..

—

-.-—
—.

.—

—.

-— ---

-. .
-—. .
-.

.

—



NACATM 1423 55

APPENDIX v

EX.AMHLESOF THE AC~ OF

BALANCED CONTROL SUFU’ACES

TM reader has already found in this report a certain number of
figures which schematize the mounting of balancing masses. These are
solutions one may consider as classical. For the sake of completeness,
we shall describe here a few less known mountings; they could be useful
to designers finting themselves faced with problems analogous to those
for which the following solutions were conceived.

In the case represented by figures 45(a) md 45(b), an aileron the
axis of rotation of which was situated %elow the me= plane had to be
balanced horizontally; on the other hand, a lever arm or a mass situated
outside of the profile were considered undesirable. The solution repre-
sented in the figure was adopted; it is elegant and relatively simple.

Figure 46 represents a solution derived from the preceding one; the
mass situated in the wing profile ensures this time total balance, hori-
zontal and vertical.,around the hinge axis.

However, it must be remarked here that for a rather slender wing,
the balancing mass will necess~il.y have a relatively lsrge weight.

Besides, all that has been said on the necessity of rigid lever
sxms for connecting the balsncing masses to the sileron they have to
balance, remains valid; it becomes more M.fficult to satisfy this con-
dition in proportion as the system of connection becmes more compli-
cated. !I!hesetwo disadvantages may render such a solution practical.ly
unacceptable.

The third figure (fig. 47) refers to a tail with double fin. One
tskes advsntage of the fact that the fin participates in the torsional
motions of the horizontal stabi~zer by placing the mass, which dynam-
ically balances the elevator flap, high on the fin, that is, as far as
possible from the horizontal stabilizer.

The original idea had been simply to place in the fin a mass of
sufficient inertia to make the fin motionless during the rotations of
the horizontal stabilizer. One sees that this last solution is heavier
than the preceding one, even if one replaces, in order to ldghten it,
the single mass by a bsr loaded at its two ends snd hating the same
inertia although of less weight (fig. 48).
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The designer may think up still other systems. After what has been
said above, he can see the great variety of solutions which the problem

i

of balancing permits. However, he should always be on guard against the
elasticity of the connecting elements. .—-—

‘Thiselasticity may indeed make useless in practice a solution which
is apparently good in principle like the one repre~ented in figure 49.
The idea was that the trailing-edge flap should balance the control sur-
face and at the ssme the eliminate any possibility of flap-control sur-
face flutter. Amodel was built snd tested, but the length of the link-
ages made sn adaptation of this system to an airplane impossible.
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